Social norms and their enforcement are fundamental to human societies. The ability to detect deviations from norms and to adapt to norms in a changing environment is therefore important to individuals' normal social functioning. Previous neuroimaging studies have highlighted the involvement of the insular and ventromedial prefrontal (vmPFC) cortices in representing norms. However, the necessity and dissociability of their involvement remain unclear. Using model-based computational modeling and neuropsychological lesion approaches, we examined the contributions of the insula and vmPFC to norm adaptation in seven human patients with focal insula lesions and six patients with focal vmPFC lesions, in comparison with forty neurologically intact controls and six brain-damaged controls. There were three computational signals of interest as participants played a fairness game (ultimatum game): sensitivity to the fairness of offers, sensitivity to deviations from expected norms, and the speed at which people adapt to norms. Significant group differences were assessed using bootstrapping methods. Patients with insula lesions displayed abnormally low adaptation speed to norms, yet detected norm violations with greater sensitivity than controls. Patients with vmPFC lesions did not have such abnormalities, but displayed reduced sensitivity to fairness and were more likely to accept the most unfair offers. These findings provide compelling computational and lesion evidence supporting the necessary, yet dissociable roles of the insula and vmPFC in norm adaptation in humans: the insula is critical for learning to adapt when reality deviates from norm expectations, and that the vmPFC is important for valuation of fairness during social exchange.
Introduction
Social norms and their enforcement are fundamental to societies. Violations of any prevailing norm must be detected so that they can be acted upon. This process requires an individual to be able to: (1) represent a shared norm about what is expected, (2) detect deviations from the norm, and (3) correct for norm deviations and adapt to norms (Montague and Lohrenz, 2007) . It is believed that our nervous system has the "apparatus" and "mechanisms" to implement such complex social computations (Montague and Lohrenz, 2007; Rilling et al., 2008) : for instance, the insular and ventromedial prefrontal cortices (vmPFC) have been shown to be activated during social decision-making in recent functional magnetic resonance imaging (fMRI) studies (Sanfey et al., 2003; Chang and Sanfey, 2013) .
At least two issues remain unresolved. First, it is not clear what dissociable roles the insula and vmPFC serve in norm adaptation. The insula has been established as an interoceptive cortex, providing a bodily map for a wide range of mental processes (Craig, 2013; Critchley and Harrison, 2013; Gu et al., 2013a) . Insular activity correlate swith predictions and prediction errors of value (Seymour et al., 2004) and risk (Preuschoff et al., 2008) . We previously found that insular activation correlates with both deviations from norms and deviations from expected feelings, suggesting a role of the insula in linking feelings with decisions (Xiang et al., 2013) . The vmPFC has been associated with valuation during value-based decision-making in both social (Behrens et al., 2008) and nonsocial (Rushworth et al., 2012) domains. It has also been shown to coactivate with the insula in norm processing (Xiang et al., 2013) .
Second, there is little evidence supporting the necessity of the insula and vmPFC in norm adaptation. Existing fMRI evidence showing insula and vmPFC responses to norms are largely correlational. One recent study using transcranial direct brain stimulation (tDCS) suggests a causal role of right dorsolateral prefrontal cortex in norm compliance (Ruff et al., 2013) . However, neither the insula nor vmPFC can be directly targeted with current brain stimulation methods such as tDCS due to their anatomical constraints. Thus, no causal evidence exists supporting the roles of the insula and vmPFC in norm adaptation.
Here, we address the hypothesis that the insula and vmPFC are necessary for dissociable processes during norm adaptation. To test this hypothesis, we used computational modeling of a fairness game in patients with either focal insula lesions or vmPFC lesions. We predicted that insula lesions would lead to failure in the ability to adapt to social norms, whereas vmPFC lesions would result in deficits in valuation in social situations.
Materials and Methods

Participants
We examined seven patients with focal lesions in the insula (4 females and 3 males) and six patients with vmPFC lesions (3 females and 3 males; see Fig. 1 A, B for lesion display and Table 1 for all participants' characteristics), compared with 40 neurologically intact controls (NCs; 21 females and 19 males). Six patients with lesions other than the insula and vmPFC (i.e., temporal lobe lesions) were recruited as brain-damaged controls (BDCs; 2 females and 4 males). All lesions resulted from surgical removal of low-grade gliomas. All subjects had normal color vision, and reported no previous or current neurological or psychiatric conditions. All patients (insula, vmPFC, BDC) 
Task and procedure
All participants played the role of the responder in the ultimatum game (Fig. 1C,D) , with a different virtual proposer each round, for a total of 45 rounds. In each round, the subjects were first offered a split of ¥20 Chinese Yuan. The offer screen lasted 6 s. Next the subjects were presented with the choice options and were allowed as much time as required to respond. The offers were predetermined: 6 ϫ ¥1, 6 ϫ ¥2, 6 ϫ ¥3, 6 ϫ ¥4, 6 ϫ ¥5, 3 ϫ ¥6, 3 ϫ ¥7, 3 ϫ ¥8, 3 ϫ ¥9, 3 ϫ ¥10, presented in a randomized order. Participants received a fixed amount of payment plus a bonus of the outcome of one of the 45 rounds, drawn randomly.
Logistic regression
We first fitted the each subject's binary reject/accept response against offer size using a logistic regression as follows (mnrfit in MATLAB, MATLAB and Statistics Toolbox Release 2012b, MathWorks):
reject denotes the probability of rejecting an offer, and accept represents the probability of accepting an offer. ␤ 1 indicates the influence of each unit change in offer size on the change of the probability of reject (relative to the probability of accept), and hence, represents sensitivity to fairness.
Norm adaptation models
The logistic regression defines subjects' behavior as a function of offer size, but does not inform us about their underlying learning structure. Therefore, we conducted model-based analysis based on the observation that subjects playing the ultimatum game have an internal representation of norms and have the ability to adapt to changing environments (Montague and Lohrenz, 2007; Xiang et al., 2013) . Specifically, we assume that the subject's behavior can be modeled by individual aversion to unequal splits. The responder's utility on iteration or round i of the exchange can be represented using the Fehr-Schmidt (FS) inequality aversion utility as follows (Fehr and Schmidt, 1999) :
Here, ␣ represents sensitivity to norm prediction error ("envy", ␣ ʦ [0,1]), that is, the subject's unwillingness to accept an offer s i below the reference value f i ("internal norm"). Sensitivity to advantageous norm prediction errors ("guilt") was not modeled because the experiment setup only included disadvantageous offers (Յ10).
Given V i (s i ), we model the probability of accepting an offer as follows:
Here ␥ is the inverse temperature parameter of the softmax. The lower is ␥, the more diffuse and variable are the choices (␥ ʦ [0,1]). We considered two classes of learning models governing the evolution of the internal norm f i : a Rescorla-Wagner (RW) model based on temporal difference learning (Rescorla and Wagner, 1972; Sutton and Barto, 1998) and a Bayesian observer model (Xiang et al., 2013) . Both models assume the internal norm f i evolves as a function of observed offers, but differ in the updating rule. We also considered two ways of setting the initial norm f 0 for both models: in the fixed initial norm condition, f 0 ϭ 10; in the variable norm condition, f 0 was fitted individually to each subjects' data ( f 0 ʦ [0,20]). A non-learning FS model with fixed norm f ϭ 10 and two parameters (␥ ʦ [0,1] and ␣ ʦ [0,1]) was also considered as a baseline model. All models were fitted at the individual subject's level. We estimated parameters multiple times per subject with varying starting points to avoid the possibility of being stuck in local minima. Because these two classes of models have very distinct assumptions of the underlying cognitive process in the subject, and that it was unknown to us which mechanism was more plausible, we performed model comparison using a modified Bayesian information criterion score (BIC) for studies with small numbers of observations (Haughton, 1988) , which is an approximation of the model evidence: the model with the lowest BIC score has the highest model evidence. BIC scores were normalized based on sample size.
Rescorla-Wagner norm adaptation models. These models use the RW rule (Rescorla and Wagner, 1972; Sutton and Barto, 1998) to update an individual's internal norm:
Here the norm adaptation rate ʦ [0,1], determines the extent to which the internal norm is influenced by the immediately preceding offer. A high rate means high impact of offers on internal norms, while a low rate indicates unwillingness to adapt. The use of inside the inequality term could potentially create problems for our estimation, given high or low ␣. Therefore, we compared the ␣ values from learning models with those from the FS model. We find the values to be close for both models; hence, the adaption rate significantly improved likelihoods but only slightly altering the values of ␣. We expected that subjects with low ␣ and low should show low rejection, little influence by the immediately preceding offer, and consistent rejection behavior; subjects with low ␣ and high should have lowest rejection overall, but proportionally more rejections for low offers following high offers, and fluctuating rejection behavior; those with high ␣ and low should have high rejection, little influence by immediate preceding offer, and consistent rejection behavior; people with high ␣ and high should show low rejection for high offers following low offers, high rejection for low offers following high offers, and overall fluctuating rejection behavior.
Bayesian norm adaption models. Here we assume that the subjects model the offers from a normal distribution with uncertain mean and variance. The subjects start with a prior on the mean and variance 2 , and update it as offers are made. More specifically, the subject assumes that conditional on and 2 , offers X are given by X ͉ , 2 ϳ N (, 2 ). If we assume a prior p(, 2 ) on and 2 after observing the first offer s i we have the posterior as follows:
Concretely we assume a conjugate prior:
After observing s i , the posteriors are of the same form but with parameters given by the recursive formulae:
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On trial i ϩ 1 the prevailing norm is
so that the utility of the offer at trial i ϩ 1 is then given by the following:
and the probability of accepting the offer is as follows:
Pr͑accept͒ ϭ 1 1 ϩ exp͑Ϫ␥V͑s i ͒͒ .
Statistical method
Because the current dataset does not meet the assumptions of parametric tests and all comparisons were based on a priori hypotheses in small samples, we used a bootstrapping method to assess the probability of observing a difference between two groups. We consider the difference between two groups significant if the probability of obtaining the actual t statistic is Ͻ5% along the permutated (10,000 iterations) distribution of t statistics p Ͻ 0.05 (one-tailed).
Results
Rejection rate and sensitivity to fairness Figure 2A illustrates the rejection rate by offer size for each group. Patients with vmPFC lesions rejected much less than the NC group for the most unfair offer sizes of ¥1 (bootstrapping p Ͻ 0.05) and ¥2 (p Ͻ 0.01). There was no other group difference at other offer sizes (p Ͼ 0.1). Although patients with vmPFC lesions showed marginally lower overall rejection rate than the NC group (p ϭ 0.09), there was no significant group difference in overall raw rejection rate for any patient group relative to NC subjects ( Fig. 2B ; p Ͼ 0.1). Figure 2C shows the ␤ coefficient ␤ 1 from the logistic regression, representing the influence of offer size on rejection rate. Patients with vmPFC lesions had significantly lower ␤ coefficient than NC subjects (p Ͻ 0.01), suggesting that the influence of offer size on rejection rate was reduced in these patients. Neither patients with insula lesions, nor the BDC patients showed such a pattern (p Ͼ 0.1). These results suggest that patients with vmPFC lesions, but not those with insula lesions, showed reduced sensitivity to offer size.
To better understand how subjects' behavior evolved over time, we further examined subjects' cumulative response. Figure  2D demonstrates the averaged cumulative rejection rate: patients with insula lesions showed a relatively flattened cumulative rejection curve; in contrast, vmPFC patients had a continued increase of cumulative rejection rate.
Together, these results demonstrate that patients with vmPFC lesions, but not those with insula lesions, showed reduced sensitivity to offer size, especially when the offers were highly unfair. These findings provide a baseline comparison for the computational models presented below and suggest a critical role of the vmPFC in valuation in the realm of social norms.
Rescorla-Wagner norm adaptation model parameters
We further demonstrate the patients' deficits based on parameters from the RW model with variable initial norms (Fig. 3A-E which was the superior model among all models based on lowest overall BIC (Fig. 3F ) . This model was also the winning model for NC, BDC, and insula groups individually, but not for vmPFC patients, possibly due to their valuation deficits in the first place. Therefore, the parameters of the vmPFC group should be interpreted with caution. Figure 3A shows the results on the norm adaptation rate parameter: patients with insula lesions showed a lower adaptation rate than neurologically intact controls, suggesting they adjusted internal norms more slowly ( Fig. 3A; p Ͻ 0.05); in contrast, patients with vmPFC lesions showed a higher adaptation rate and adjusted internal norms more quickly than NC subjects ( Fig. 3A ; p Ͻ 0.05). BDC patients did not show significant alternation in adaptation rate ( Fig. 3A ; p Ͼ 0.1), confirming that the results observed in insula and vmPFC patients were not due to general loss of brain tissues or surgical influences. Figure 3B illustrates the estimated adaptation trajectories: patients with insula lesions showed flattened updating curve in their internal norm, corresponding to their low adaptation rate. By contrast, patients with vmPFC lesions showed faster fluctuations in their internal norms, consistent with their high adaptation rate. We also found higher ␣ in patients with insula lesions than NC subjects ( Fig. 3C ; p Ͻ 0.05), indicating enhanced sensitivity to norm prediction errors in these patients. Patients with vmPFC lesions showed a trend of lower ␣ than controls ( Fig. 3C ; p ϭ 0.1). The BDC group did not show any significant abnormality in ␣ ( Fig. 3C ; p Ͼ 0.1). Additionally, patients with vmPFC lesions ( Fig. 3D ; p Ͻ 0.01), but not insula or BDC patients ( p Ͼ 0.1), showed lower initial norm. There was no significant difference in the softmax inverse temperature parameter ␥ between any patient group and NC subjects ( Fig. 3E; p Ͼ 0.1) .
Together, these model-based analyses suggest abnormal adaptation rate and sensitivity to norm prediction errors associated with insula lesions, highlighting a critical role of the insular cortex in norm learning.
Discussion
Our main findings are twofold. First, patients with insula lesions displayed abnormally low adaptation speed to norms in a changing environment; conversely, the behavior of these patients was nevertheless more sensitive to norm violations. Second, patients with vmPFC lesions showed diminished sensitivity to fairness and were more willing to accept unfair offers. These findings provide compelling human lesion evidence suggesting that the insular cortex is necessary for learning to adapt when reality deviates from norm expectations, and that the vmPFC is critical for valuation of fairness during social exchange.
Our results provide the first causal evidence supporting a critical role of the insula in norm learning. Several fMRI studies show insular activation signals fairness and reciprocity during social interaction (Sanfey et al., 2003; Xiang et al., 2013) . Insula lesions have been linked to difficulty in adjusting choices with the odds of winning in risky situations (Clark et al., 2008 ) and learning about negative values (Palminteri et al., 2012) in gambling tasks. Consistent with these previous findings, our findings further suggest that patients with insula lesions also failed to adapt to norms with preserved sensitivity to fairness, highlighting a necessary role of insula in learning in social environments. Future studies are needed to assess whether insula lesion-related social and nonsocial learning deficits directly correlate with each other.
Physiological signals and feelings arising from the body are an essential part of cognition and decision-making (Damasio, 1996; Gu et al., 2013a; Gu and FitzGerald, 2014) . This notion can be supported by the highly consistent findings in recent studies demonstrating the involvement of the insula in a wide range of cognitive and decision-making tasks (Preuschoff et al., 2008; Gu et al., , 2013b Gu et al., , 2014 Palminteri et al., 2012; Xiang et al., 2013; Kirk et al., 2014) , although it has been traditionally considered as an interoceptive cortex (Craig, 2013) . Thus, it is not surprising that insular lesions could lead to deficits in the processing of physiological signals from the body and the subjective experience of these bodily signals ("feelings") in a decision-making task, and contribute to learning deficits. We speculate that insula patients in our study could not accurately represent bodily feelings associated with deviations from norm expectations and therefore, chose to stay with their original representation of the norms and not to adapt. In contrast, these insula patients all had intact vmPFC and were able to compute value signals and respond to offer size normally.
One limitation of our study is that we did not directly measure subjective feelings or related physiological responses. Future studies are needed to better understand whether the learning deficits observed in insula patients arise purely from a lack of physiological/feeling signals that are normally provided by the insula, or rather, also higher-level abnormalities in associating bodily responses with value and prediction error signals. One study suggests that insula lesions disrupted craving in chronic smokers, but spared pleasurable bodily feelings associated with eating and taste (Naqvi et al., 2007) ; that is, insula is critical for bodily feelings acquired through learning (e.g., smoking), but might not be crucial for bodily feelings that are inheritably pleasurable (e.g., eating). These results are consistent with the findings on learning deficits observed in our patients with insula lesions, and are in favor of the possibility that insula is critical for linking bodily responses with decision signals, rather than representing interoceptive signals per se. Together, the difficulty in learning to adapt when reality deviates from norm expectations, as observed in patients with insula lesions, highlights a critical role of interoceptive representation in the insular cortex during social learning.
Our results also support a critical role of the vmPFC in valuation, consistent with findings from fMRI studies on the vmPFC (Behrens et al., 2008; Rushworth et al., 2012) and lesion evidence supporting diminished sense of "guilt" in patients with vmPFC lesions (Krajbich et al., 2009) . One previous study showed increased rejection rates in patients with vmPFC lesions (Koenigs and Tranel, 2007) . We speculate that this might be due to the following reasons. First, Koenigs and Tranel's (2007) vmPFC patients had acquired sociopathy, which was not the case for our patients. Thus, the lower rejection rate could also be attributed to sociopathy, rather than vmPFC lesions per se. Second, offers were presented in a fixed order in the Koenigs and Tranel (2007) study ($5, $4, $3, $2, $1) but randomized in our design. Presenting high offers first has been shown to increase subjects' norm expectations and decrease acceptance rate at subsequent low offers (Xiang et al., 2013) . Therefore, it is possible that presenting high offers first had a greater impact on vmPFC patients' norm expectations, and that such learning dynamics were not captured by the analysis in the Koenigs and Tranel (2007) study. Thirdly, the proposer's face was displayed in the Koenigs and Tranel (2007) study. Considering the well known role of facial features in social interaction (Winston et al., 2002) , viewing a partner's face could have impacted vmPFC patients' choices in that case.
Other lesion studies on vmPFC and decision-making have largely used nonsocial paradigms. Using a simple pairwise choice paradigm, Fellows and Farah reported greater inconsistency in preference in patients with vmPFC lesions (Fellows and Farah, 2007) . Other studies have found impaired reversal learning associated with vmPFC lesions (Fellows and Farah, 2003; Hornak et al., 2004) . Our findings complement and extend these previous studies on nonsocial scenarios, and point to a critical role played by the vmPFC in valuation in social situations by suggesting that decreased sensitivity to fairness and subsequently volatile representations of the norm can be linked to vmPFC impairment.
In summary, we provide compelling human lesion evidence supporting necessary, yet dissociable roles of the insula and vmPFC in norm adaptation. Our computational approach also invites future investigations using combined lesion and modeling approaches.
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